Clostridium perfringens, a strictly anaerobic micro-organism and inhabitant of the human intestine, has been shown to produce the azoreductase enzyme AzoC, an NAD(P)H-dependent flavin oxidoreductase. This enzyme reduces azo dyes to aromatic amines, which are carcinogenic in nature. A significant amount of work has been completed that focuses on the activity of this enzyme; however, few studies have been completed that focus on the physiology of azo dye reduction. Dye reduction studies coupled with C. perfringens growth studies in the presence of ten different azo dyes and in media of varying complexities were completed to compare the growth rates and dye-reducing activity of C. perfringens WT cells, a C. perfringens DazoC knockout, and Bifidobacterium infantis, a non-azoreductase-producing control bacterium. The presence of azo dyes significantly increased the generation time of C. perfringens in rich medium, an effect that was not seen in minimal medium. In addition, azo dye reduction studies with the DazoC knockout suggested the presence of additional functional azoreductases in this medically important bacterium. Overall, this study addresses a major gap in the literature by providing the first look, to our knowledge, at the complex physiology of C. perfringens upon azo dye exposure and the effect that both azo dyes and the azoreductase enzyme have on growth.
INTRODUCTION
Clostridium perfringens is a Gram-positive, spore-forming, strictly anaerobic bacterium that is ubiquitous in nature, being found in a variety of locations such as soil and the human gastrointestinal tract (Ahmad et al., 2010) . This bacterium is considered medically important and is capable of causing a number of infectious diseases, including food poisoning, antibiotic-associated diarrhoea, and gas gangrene (Ahmad et al., 2010) . Various strains of C. perfringens are known and they differ in the specific type of toxin(s) produced (Ahmad et al., 2010) . C. perfringens contains many metabolic capabilities, one of which is azoreductase activity (Morrison et al., 2012 (Morrison et al., , 2014 Morrison & John, 2013 , 2015 .
Bacterial azoreductases are enzymes that are capable of reducing azo dyes to their component amines (Levine, 1991) . Azo dyes are common synthetic colourants, which are used in many industries, spanning foods and beverages to textiles and paper products (Chen, 2006; Chung & Cerniglia, 1992) . Azo dyes possess a namesake azo bond (-N5N-), which makes them capable of being reduced to their component aromatic amines by the azoreductase enzyme (Stolz, 2001 ). However, in many cases, these aromatic amines have been found to be carcinogenic in nature (Rafii & Coleman, 1999) . In addition to being a threat to human health, azo dyes are also frequently found as environmental pollutants, a result of industrial processing applications (Chen, 2006; Chung & Cerniglia, 1992; Stolz, 2001 ).
The azoreductase of C. perfringens strain ATCC 3626, AzoC, has been studied previously both biochemically and structurally (Morrison et al., 2012 (Morrison et al., , 2014 Morrison & John, 2013 , 2015 . What is lacking from the studies, though, is a look at physiology in terms of the effect of the azo dyes on C. perfringens, as well as the effect of C. perfringens on azo dyes (with and without AzoC). To our knowledge, only one other physiological study has been completed that focuses on an azoreductase, which was with Enterococcus faecalis (Punj & John, 2008) .
A preliminary investigation of the genome of C. perfringens strain ATCC 3626 shows that this particular C. perfringens strain is significantly different from the other genomesequenced C. perfringens strains, including the well-studied strain 13. As calculated by the National Center for Biotechnology Information (NCBI), the dendrogram featuring all genome-sequenced C. perfringens strains shows that C. perfringens strain ATCC 3626 is located in a separate clade from C. perfringens strain 13, suggesting that the C. perfringens strain ATCC 3626 is very unusual. Additionally, C. perfringens strain ATCC 3626 has a much larger genome size than has C. perfringens strain 13 (3.8 versus 3.0 Mbp), as well as many more genes and proteins (3710 versus 2840 genes, 3301 versus 2723 proteins). Also, the numbers for C. perfringens will rise, as its genome sequence is not yet complete.
The goal of this manuscript is to provide the first comprehensive understanding of the interactions between azoreductase, azo dye and C. perfringens, by investigating the effect of the AzoC enzyme on cell physiology, as well as the effect of azo dye exposure to C. perfringens strain ATCC 3626.
METHODS
Bacterial strains, media and azo dyes. C. perfringens strain ATCC 3626 (WT and DazoC knockout strains) and Bifidobacterium infantis strain ATCC 15697 were grown anaerobically in brain-heart infusion (BHI) broth (Difco) at 37 uC without shaking. For details on the preparation of the DazoC knockout stain, see the procedure described in Morrison & John (2015) . B. infantis was used as a non-azoreductase-containing bacterial control for the experiments that follow.
Clostridial minimal medium (CMM) was prepared as previously detailed (Fuchs & Bonde, 1957 ), pyroxidine (800 mg l 21 ), ascorbic acid (5 mg l 21 ), L-tryptophan (0.05 mM), and the following amino acids, all at 0.5 mM (DL-alanine, L-arginine, L-aspartic acid, L-cystine, L-glutamic acid, L-histidine, DL-isoleucine, L-leucine, DL-phenylalanine, DLthreonine, DL-tyrosine, DL-valine) (Fuchs & Bonde, 1957) . Growtharrest medium (PBS with glucose, PBSG) was prepared as previously detailed (Punj & John, 2008) . PBSG consisted of the following, at pH 7.0: NaCl (137 mM), KCl (2.7 mM), Na 3 PO 4 (10 mM), KH 2 PO 4 (2 mM), cysteine (600 mg l 21 ), glucose (6 mM) (Punj & John, 2008) .
Azo dyes tested were purchased from the following companies: Direct Blue 15 (MP Biomedicals), Methyl Red (Acros Organics), Tartrazine (Sigma-Aldrich), Trypan Blue (Kodak), Congo Red (Sigma-Aldrich), Eriochrome Black T (MCB), Cibacron Brilliant Red 3B-A (SigmaAldrich), Ponceau S (Fluka), Ponceau BS (Sigma-Aldrich), Methyl Orange (Allied Chemicals). Azo dye structures can be found in Fig. S1 (available in the online Supplementary Material). Each individual azo dye was scanned prior to experimentation to determine the optimal absorbance for each dye in the reaction mixture (dye absorbance values were above 340 nm and extinction coefficients were used in determining the concentration of the dyes at the conclusion of the reaction). The absorbance for each azo dye tested was as follows: Cibacron Brilliant Red 3B-A (534.00 nm), Congo Red (531.00 nm), Direct Blue 15 (602.50 nm), Eriochrome Black T (527.50 nm), Trypan Blue (533.50 nm), Methyl Red (430.00 nm), Tartrazine (425.00 nm), Ponceau S (515.50 nm), Ponceau BS (505.00 nm), Methyl Orange (465.50 nm). Dye concentration was interpolated by making a standard curve of dye concentration to find the extinction coefficient. The extinction coefficient was determined to be spectrophotometerspecific and dependent on a line of best fit.
Bacterial growth and azo dye reduction by whole cell cultures.
Cultures of the bacteria (C. perfringens WT, C. perfringens DazoC knockout, or B. infantis) were grown anaerobically, without shaking, overnight at 37 uC in BHI. Each overnight culture (5 ml volume) was placed into a 100 ml anaerobic bottle of BHI. These larger cultures were allowed to grow until OD 600 0.4 (exponential phase). Once the exponential phase was reached, the culture was pelleted and resuspended in the experimental medium (1 ml; either BHI, CMM or PBSG). This concentrated exponential phase bacterial culture (1 ml) was placed into an anaerobic test tube containing 9 ml of the experimental medium and 20 mM of the azo dye of interest, to make a total volume of *10 ml. All experiments were conducted in triplicate. Samples were taken to allow measurement of bacterial growth, dye reduction, and protein concentration, as described below.
Initially (t50), after every hour for 6 h (t51, 2, 3, 4, 5, 6 h), and after 24 h (t524 h), samples (1 ml) were taken from every tube. The 1 ml samples were centrifuged (5 min, 10 000 g, 4 uC) to pellet the cells. The resultant supernatant (containing the azo dye) was scanned in a UV-1601PC spectrophotometer at the wavelength stated above to be optimal for each dye, as a measure of dye reduction. This supernatant provided a measure of azo dye concentration and thus dye reduction by the culture over time.
The pellet from the above centrifugation (containing the bacterial cells) was resuspended in 1 ml sterile deionized water and OD 600 was measured to determine bacterial cell density. This resuspended pellet provided a measure of bacterial cell density and thus growth of the culture over time.
Finally, the resuspended bacterial cells (1 ml, from above) were lysed with lysozyme (0.1 mg ml 21 final concentration) by incubation on ice for 30 min. Following incubation, cells were sonicated with a Sonic 300 dismembranator with a small tip and relative output of 60 %. In total, ten sonication cycles occurred, with 5 s of sonication in each cycle; the sample was paced on ice between sonications. Following sonication, the sample was centrifuged (30 min, 10 000 g, 4 uC). The protein concentration in the supernatant (from within the bacterial cells) was determined by the method of Bradford (1976) .
To summarize briefly each of the three bacterial strains (C. perfringens WT, C. perfringens DazoC knockout, and B. infantis) were tested with the previously mentioned ten different azo dyes and three different medium types of varying complexities. Each experiment was performed in triplicate and samples were taken after set-up (t50), at every hour for 6 h (t51, 2, 3, 4, 5, 6 h) and after overnight incubation (t524 h). Each 1 ml sample taken provided a measure of dye absorbance, bacterial cell density, and protein concentration.
RESULTS
The data were interpreted based on the growth phases and time of incubation, which were directly controlled by the complexity of the growth medium. For example, rich medium (BHI) had a short lag phase, early exponential phase (*3 h), and therefore an early cellular protein and metabolite accumulation. In contrast, minimal medium (CMM) had a longer lag phase, later exponential phase (*6 h), and therefore a later cellular protein and metabolite accumulation. Growth-arrest medium (PBSG), on the other hand, had no growth phases and no cellular protein or metabolite accumulation.
Azo dye reduction
The C. perfringens WT was highly active (w51 % dye reduction) in BHI against seven azo dyes: Methyl Red, Methyl Orange, Ponceau BS, Tartrazine, Ponceau S, Trypan Blue and Direct Blue 15 (Table 1) . Additionally, the C. perfringens WT was moderately active (w30 % dye reduction) against Eriochrome Black T and Congo Red (Table 1) . When the azoC gene was disrupted (DazoC knockout), the reduction of six dyes (Ponceau BS, Ponceau S, Eriochrome Black T, Congo Red, Trypan Blue and Direct Blue 15) was initially (after a period of 3 h) significantly lower than that seen with the WT (P-value v0.05, 95 % confidence; Table 1 ). It should be noted that these differences occurred only after a 3 h period and dye reduction did appear to recover with time; this phenomenon will be discussed in detail in a later section detailing the possibility of additional azoreductases at work. In addition, these six dyes had significant differences in specific activity when comparing the WT with the DazoC knockout in all three media types (P-values v0.05, 95 % confidence; data not shown). This suggests that AzoC has specificity for these six dyes, all of which are large (between 461 and 993 Da) and sulfonated, and was therefore the enzyme primarily responsible for the reduction of these dyes. Table 1 ). In addition, Methyl Red, Methyl Orange and Tartrazine did not show a significant difference in specific activity when comparing the WT with the DazoC knockout in any of the three medium types (P-values w0.05, 95 % confidence; data not shown). The reduction of these azo dyes in the absence of AzoC suggests that these azo dyes were likely reduced by other azoreductases produced by C. perfringens or perhaps by non-enzymic dye reduction, as will be discussed in more detail in the next section.
Although AzoC appeared to be primarily responsible for Eriochrome Black T, Ponceau BS, Congo Red, Ponceau S, Trypan Blue and Direct Blue 15 dye reduction, as discussed previously, the results in Table 1 also hint at the presence of additional azoreductases responsible for supplementary reduction of these dyes. With these six azo dyes, a significant difference between the WT and the DazoC knockout was seen early in the experiments in both BHI and CMM, as the dye reduction results for the DazoC knockout were significantly lower than for the WT (P-value v0.05, 95 % confidence; Table 1 ). However, in all six cases, the dye reduction by the DazoC knockout seemed to recover owing to the bacterium's ability to reduce these azo dyes (likely owing to an increased cell number or amount of protein), eventually matching the dye reduction percentages of the WT, suggesting that there may be additional azoreductases capable of reducing these six azo dyes that were responsible for the dye reduction recovery seen.
Non-enzymic azo dye reduction. Cibacron Brilliant Red 3B-A has been previously shown to be primarily nonenzymically reduced (Morrison & John, 2013) . By using B. infantis as a non-azoreductase-producing control bacterium, we saw that Cibacron Brilliant Red 3B-A was reduced 100 % starting at 3 h (early exponential phase) in BHI, while the dye was reduced 100 % starting at 6 h (later exponential phase) in CMM, with very low to no reduction in PBSG. This suggests that an increase in cell division provides more metabolite generation, thereby enabling or promoting non-enzymic reduction.
Non-enzymic dye reduction did not seem to be limited to Cibacron Brilliant Red 3B-A, however, as all other azo dyes tested (with the exception of Eriochrome Black T) showed a small percentage of azo dye reduction with B. infantis (Table 1) . However, this was only after the cells had reached exponential phase. Specifically, B. infantis did show significant Methyl Orange, Tartrazine, Ponceau BS, Trypan Blue and Direct Blue 15 reduction after a 24 h incubation (P-value v0.05, 95 % confidence; Table 1) suggesting that these azo dyes were subject to non-enzymic dye reduction, though after a 24 h period. Although the degree of non-enzymic dye reduction was less than for Cibracron Brilliant Red 3B-A and occurred after a 24 h incubation, the propensity towards non-enzymic dye reduction should be considered in any culture and azo dye experiment.
Effect of azo dyes on cell growth
As a baseline for optimal cell growth, cultures were grown in rich medium (BHI) without the addition of an azo dye. It could be seen that the C. perfringens WT had a very fast generation time of less than 10 min (Fig. 1a) . The C. perfringens DazoC knockout did not show a significant effect on generation time compared with the WT (BHI), suggesting that AzoC does not play a role in basic growth processes (P-value w0.05, 95 % confidence; Fig. 1a) . Also in the absence of dye, the generation time of B. infantis was significantly longer than that of C. perfringens, measuring approximately 20 min (P-value v0.05, 95 % confidence; Fig. 1a ).
When certain azo dyes (Tartrazine, Methyl Red, Methyl Orange, Ponceau BS, Ponceau S, Trypan Blue and Direct Blue 15) were added to WT cells grown in BHI, the generation time was significantly increased (e.g. |7 for Ponceau BS) compared with the no-dye-containing BHI medium (P-value v0.05, 95 % confidence, Fig. 1a) . As previously discussed, all seven of these dyes were highly reduced by WT cells (Table 1) , which suggests that the dye metabolites may act as dye-induced toxicants that affect growth. In addition, these azo dyes and metabolites may also be 
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acting as terminal electron acceptors, causing distinct physiological profiles, as reflected in the differential growth rates as evidenced here (Fig. 1a) . Significant generation time effects were not seen between dye and no-dye conditions for B. infantis in BHI (P-value w0.05, 95 % confidence; Fig. 1a ). For the DazoC knockout cells, the outcome was significantly different. For the azo dyes that AzoC is known to reduce (Ponceau BS, Ponceau S, Trypan Blue, Direct Blue 15), a similar change occurred to that for the WT, but to a significantly lesser extent (e.g. |4 for Ponceau BS) (P-value v0.05, 95 % confidence; Fig. 1a ). For the remaining dyes, which AzoC was not capable of reducing (Tartrazine, Methyl Red, Methyl Orange), the dye-induced effect on the DazoC knockout was not significantly different from that of the WT (P-value w0.05, 95 % confidence; Fig. 1a ).
In the absence of dye, by comparing CMM (minimal medium) with BHI (rich medium), it could be seen that the WT cells grown in CMM had an increased generation time compared with that seen in BHI (13 min compared with 10 min; Fig. 1a, b) . When azo dyes were added in CMM, we surprisingly did not see the increased generation time that was observed in the rich (BHI) medium (P-value w0.05, 95 % confidence; Fig. 1a, b) , suggesting that sufficient accumulation of toxic metabolites had not yet occurred. This was further supported by dye reduction results as shown in Table 1 . For example, Direct Blue 15 was 94 % reduced in BHI after 3 h, whereas it was only reduced 25 % in CMM after the same amount of time (Table 1) . This shows that, in the minimal medium, less of the dye was reduced and therefore lower amounts of dye metabolites were produced as well. The absence of the azoC gene (DazoC knockout) did not have a significant effect on generation time compared with the WT, further confirming that AzoC does not play a role in basic growth of this bacterium (P-value w0.05, 95 % confidence; Fig. 1b ). The control (B. infantis), in both the presence and absence of dyes in CMM, was significantly higher for all dyes as the generation time increased to approximately 25 min, compared with approximately 20 min in BHI (Pvalue v0.05, 95 % confidence; Fig. 1a, b) .
Increased generation time occurred most dramatically with the WT grown in BHI with azo dyes present (Fig. 1a) . Therefore, a closer examination of the early and late exponential phases was performed. In all cases, the increased generation time could be directly linked to occurrence in late exponential phase (Table 2 ). Looking at the fold increase for late exponential phase compared with early exponential phase, in the WT this ratio (fold increase, calculated as the generation time at late exponential phase divided by that at early exponential phase) was 54, whereas in the DazoC knockout it was only 12.3, showing the significantly reduced effect of Ponceau BS on the mutant cells as compared with the WT (P-value v0.05, 95 % confidence; Table 2 ). Similar outcomes were observed for Ponceau S, Trypan Blue and Direct Blue 15, as a significantly reduced generation time occurred in the DazoC knockout (P-value v0.05, 95 % confidence; Table 2 ).
DISCUSSION
The physiological events that occur within bacteria as they interact with azo dyes are not very well understood. Thus, the goals of this study were to provide a comprehensive look at the interactions of azoreductase (AzoC), azo dye and C. perfringens in different growth media and the resultant effects on azo dye reduction and bacterial growth.
From Table 1 , collectively it can be concluded that actively dividing C. perfringens could reduce all the ten dyes tested to some extent (w29 %). However, considering dye reduction over 50 % and a change in reduction over time (3 to 24 h), C. perfringens was only able to reduce six azo dyes (Eriochrome Black T, Congo Red, Ponceau BS, Ponceau S, Trypan Blue and Direct Blue), with the majority being large dyes (w556 Da) with sulfonated functional groups.
To investigate whether AzoC was primarily responsible for the reduction of these dyes, pure AzoC and C. perfringens DazoC knockout data were used. From this, it appeared as though AzoC was principally responsible for the reduction of Eriochrome Black T, Congo Red, Ponceau BS, Ponceau S, Trypan Blue, and Direct Blue 15 (Table 1) . Interestingly, the dye-reduction ability of the DazoC knockout was able, over time, to recover and reduce these azo dyes equivalently to the WT (Table 1) . This suggests that, although AzoC appeared to be primarily responsible for the reduction of these azo dyes, there were other factors involved in the dye reduction. These other factors may include the presence of other azoreductases, as discussed below, or non-enzymic dye reduction reactions. Non-enzymic dye reduction reactions, specifically those controlled by redox mediators under anaerobic conditions, have been previously shown to have an effect on azo dye reduction and were shown in some of the azo dyes tested here (Encinas-Yocupicio et al., 2006; Morrison & John, 2013; van der Zee et al., 2000) . Most notably, it has been shown in a previous publication (Morrison & John, 2013) that Cibacron Brilliant Red 3B-A was significantly reduced by the NADH/FAD cofactors necessary for an azoreductase reaction to occur in the absence of any azoreductase; therefore, it was not considered to be a dye that was significantly reduced by either AzoC or other azoreductases.
The evidence for additional azoreductases was best represented by the C. perfringens WT and DazoC knockout, as well as the pure AzoC data. Pure AzoC did not that the bacteria were grown in the particular dye, to give a direct comparison of the effect of the dye on the generation time of the three different bacteria. Errors bars represent SD of triplicate samples. *P-value ,0.05, 95 % confidence.
significantly reduce Methyl Red, Methyl Orange or Tartrazine (P-values w0.05, 95 % confidence; Table 1 ). However, the C. perfringens WT cells were capable of strong reduction of all three dyes (P-value v0.05, 95 % confidence; Table 1 ). When compared with the C. perfringens DazoC knockout, the absence of AzoC did not seem to have any significant effect on the dye-reduction capability of C. perfringens for these azo dyes (P-values w0.05, 95 % confidence; Table 1 ). This suggests that AzoC was not responsible for reducing these three azo dyes. Because C. perfringens WT cells were able to reduce these azo dyes quite readily, there were likely other enzymes present that were capable of reducing these azo dyes.
One key observation from above is that pure AzoC seemed to preferentially reduce larger azo dyes (Eriochrome Black T, Ponceau BS, Congo Red, Ponceau S, Trypan Blue and Direct Blue 15), and did not reduce the smaller azo dyes (Methyl Red, Methyl Orange and Tartrazine). Other azoreductases that have been studied, such as AzoR (E. coli) and AzoM (E. faecium), preferentially reduce Methyl Red and Methyl Orange, but do not reduce larger azo dyes (Chen et al., 2004; Nakanishi et al., 2001) . Using the AzoC, AzoR (E. coli) and AzoM (E. faecium) nucleotide sequences, the known C. perfringens ATCC 3626 genome was analysed by BLAST and three potential new azoreductase sequences were identified. The first is a putative NADPH-dependent FMN reductase, which is 20 % identical to AzoC. The second and third are listed as flavodoxin family proteins and show 24-30 % identity to AzoM and AzoR. These flavodoxins share only 10 % identity with AzoC and the putative NADPH-dependent FMN reductase, suggesting that they may be structurally and functionally unique. Overall, the combined physiology and pure enzyme study results with the genome BLAST results suggest that there are additional azoreductases present in C. perfringens strain ATCC 3626 that may be both structurally and functionally unique, supporting the variable dye specificities as seen here. Furthermore, the data presented here support the need for additional protein studies to fully understand the mechanism of all azoreductases of this important bacterium, as azoreductases may play an important role in the physiological response in C. perfringens.
The prevalence of non-enzymic dye reduction was not limited to Cibacron Brilliant Red 3B-A. All other azo dyes tested (with the exception of Eriochrome Black T) showed at least a small amount of azo dye reduction either by a non-azoreductase-producing bacterial control (B. infantis) or under growth-arrest conditions (PBSG). Although the degree of non-enzymic dye reduction was not to the scale seen with Cibracron Brilliant Red 3B-A and occurred over a much longer period of time (24 h incubation), the inclination towards non-enzymic dye reduction should be considered in in vivo and in vitro azo dye reduction experiments.
There was also a significant negative effect of some azo dyes on C. perfringens growth. It is hypothesized that the azo dye metabolites produced from dye reduction were interacting with the components of the rich medium to induce toxicity, as this phenomenon only seemed to occur when the cells were grown in rich medium (BHI). In the case of Ponceau BS, the generation time was significantly increased to sevenfold as compared with WT grown in the absence of the dye (P-value v0.05, 95 % confidence; Fig. 1a ). The same increase was not seen when the cells were grown in minimal medium (CMM) (P-value w0.05, 95 % confidence; Fig. 1b) . From the dye-reduction studies, it was seen that Ponceau BS was readily reduced by the WT and by AzoC. When the generation time was observed throughout the exponential phase, an increase in generation time occurred primarily during the later exponential phase (P-value v0.05, 95 % confidence; Table 2 ). In addition, B. infantis, a non-azo dye metabolizer, did not show any generation-time-related effects in the presence of all of the azo dyes tested, suggesting that the presence of azo dyes themselves was not causing any toxicity (P-value w0.05, 95 % confidence; Table 1 ). The results suggest that actively dividing cells naturally generate large amounts of cellular metabolites in rich medium, which could react with the aromatic amines produced from azo dye reduction, and thereby inhibit growth and affect the generation time.
To further highlight the degree of toxicity induced by AzoC, a comparison between WT and DazoC knockout was performed. For all of the azo dyes that AzoC was capable of reducing (Ponceau BS, Ponceau S, Trypan Blue, Direct Blue 15), we saw that the increase in generation time in rich medium with the DazoC knockout was significantly decreased compared with that of the WT (P-value v0.05, 95 % confidence; Fig. 1a ). In addition, the late exponential phase generation time effect is lower than that of the WT (Table 2) .
To date, azo dyes have not been found to be toxic to microorganisms (Brown & Devito, 1993) . Our results showed a variety of azo dyes (Tartrazine, Methyl Red, Methyl Orange, Ponceau BS, Ponceau S, Trypan Blue and Direct Blue 15) are indeed inhibitory, specifically in BHI and not CMM media (Fig. 1) . All of these dyes have varying structures, degrees of polarity and sizes, making it challenging to understand why these azo dyes influence generation time, as compared with Eriochrome Black T, Congo Red or Cibacron Brilliant Red 3B-A, which do not inhibit growth. In addition, pinpointing the cause of growth inhibition due to azo dyes, dye metabolites, or metabolic by-products will be challenging, but demands that further toxicological studies be performed.
In conclusion, this study addresses a major gap in the literature by providing the first look, we believe, at the complex physiology of C. perfringens upon azo dye exposure and the effect azo dyes and the azoreductase enzyme have on bacterial growth. What we know from previous work performed on C. perfringens and AzoC shows that C. perfringens constitutively expresses a unique azoreductase (AzoC), specific for large azo dyes, and that sulfonated azo dyes release AzoC from the cell upon dye exposure (Morrison et al., 2012 (Morrison et al., , 2014 Morrison & John, 2013 , 2015 . It appears as though AzoC is the major azoreductase produced; however, additional azoreductases are likely generated (Morrison et al., 2012 (Morrison et al., , 2014 Morrison & John, 2013 , 2015 . The outcome of this study provides new information regarding the broad specificity of C. perfringens for a selected group of azo dyes and the azo dye effects on C. perfringens growth under different media conditions. This information affirms the importance of actively dividing cells in the generation of dye metabolites and/or catabolic metabolites, multiple types of azoreductases, and unique non-enzymic dye-reduction processes.
